INTRODUCTION
Aromatic polyimides (PIs) such as pyromellitic dianhydride ( P M D A ) / 4 , 4 '-o x y d i a n i l i n e ( 4 , 4 '-O D A ) a n d 3 , 3 , 4 ', 4 '-biphenyltetracarboxxylic dianhydride (s-BPDA)/4,4'-ODA are well known for their outstanding thermal and environmental stability attributable to their planar structures, in addition to their rigid wholly aromatic structures [1, 2] . However, these advantages include some limitations in their application to molding or fabrication in heat sealing because of their insolubility and infusibility. Among the many methods used for improving the processability of aromatic polyimides, we have reported that the PI derived from an asymmetric aromatic tetra carboxylic acid dianhydride, i.e., 2,3,3',4'-biphenyltetracarboxylic dianhydride (a-BPDA) and 4,4'-ODA, led to higher Tg than the corresponding PIs from s-BPDA with a symmetric structure. In addition, the asymmetric PIs indicate higher thermoplasticity than that of the corresponding symmetric PIs based on their nonplanar biphenylimide structures inhibiting intermolecular interaction (no ordered structure formation). Consequently, the sterically bent/distorted but rotation-restricted structural unit induced by asymmetric aromatic monomers was strongly anticipated for development of new high-performance polyimides [3, 4] . We have also invented asymmetric aromatic addition-type imide oligomers (TriA-PI: a-BPDA/4.4'-ODA/PEPA) having high Tg and good processability [5] . Based on this asymmetric structure chemistry in August 2007, we started developing a heat-sealable polyimide having high space environmental stability for application as a solar sail membrane [6] . This paper presents the development of novel heat sealable asymmetric polyimide thin film (ISAS-Thermoplastic PI: ISAS-TPI) derived from 2,3,3',4'-oxydiphthalic dianhydride (a-ODPA) and 4,4'-ODA (Figure 1 ) for application of membrane of Interplanetary Kite-craft Accelerated by Radiation Of the Sun (IKAROS) [7] [8] [9] [10] .
EXPERIMANTAION
2.1 Materials a-ODPA and 3,3,4',4'-oxydiphthalic dianhydride (s-ODPA) were supplied from Manac Inc. 4,4'-ODA was kindly supplied by Seika Corp. N,N-dimethylacetamide (DMAc), dimethylformamide (DMF), N-Methyl-2-pyrrolidone (NMP), and tetrahydrofuran (THF) were purchased from Kanto Kagaku. These materials were used as received atmosphere. Melt viscosity measurements were performed using a dynamic rheometer (AR-2000; TA Instruments) at a heating rate of 5℃ min -1 . High-resolution solution nuclear magnetic resonance (NMR) spectra were acquired using an NMR spectrometer (ASX-400; Bruker Analytik). The intrinsic viscosity measurements of precursor poly(amide acid) and polyimide were determined at 0.5 wt % concentration in NMP at 30℃ using an Ubbelohde viscometer. Gel permeation chromatography (GPC) was conducted using a controller system (PX-8020; Tosoh Corp.) equipped with an auto sampler (AS-8020; Tosoh Corp.) and a differential refractive index detector (410; Waters Corp.). GPC analyses were performed on dilute solutions of the polyimide films in freshly distilled DMF containing 10 mmol of lithium bromide. The analysis were conducted using a two column bank consisting of a linear column (TSKgel α -M + TSKsuper AW2500; Tosoh Corp.). A universal calibration curve was generated with Shodex narrow molecular weight distribution polystyrene standards (SM-105 and A-300) having molecular weights of 3.70 × 10 2 -3.73 × 10 6 g/mol.
Measurements

Preparation of Poly(amide acid)
[PAA(a-ODPA/4,4' -ODA)] 0.68 mol of 4,4'-ODA (136.16 g) and DMAc were added to a dried 2000 ml three-necked round-bottom flask equipped with a nitrogen inlet and magnetic stirrer. After the diamine was dissolved completely, an equivalent molar amount of a-ODPA (189.23 g) with DMAc (985.2 ml) was added slowly to adjust the concentration of total solids to 26 wt % (w/w). The reaction mixture was stirred for 2 hr at room temperature in a nitrogen atmosphere. After the complete dissolution of a-ODPA, the resulting poly(amide acid) solution was stored for one day under 5℃ in a refrigerator.
Preparation of ISAS-TPI film (Imidization Method 1)
DMAc solutions of PAA (10 wt %) were doctor-bladed on a glass substrate and then dried at 60℃ for 2 hr in an air convection oven. The PAA films were removed from the substrate and then put into a glass tube equipped with a thermocouple. The evacuated glass tube was inserted into a preheated tubular furnace for imidization at 200℃ for 3 hr (dwell time) + additional annealing (stepwise heating) for 30 min without a substrate and frame.
Preparation of ISAS-TPI film (Imidization Method 2,
Scheme 1) Poly(amide acid) solution was poured into an aluminum tray and concentrated to 50 wt % at 80℃. Subsequently, the concentrated DMAc solution was imidized in a vacuum oven that had been heated 330℃ in advance for 2.5 hr. After cooling the tray to room temperature, the obtained yellow polyimide resin was dissolved completely in DMAc (15 wt Table  1 . The value of [ η ] of ISAS-TPI was found to be much lower than that of poly(amide acid). This result is attributable to the reverse reaction to oligomers and monomers, which occurred easily in an imidization process because of the unstable asymmetric poly(amide acid) structure. Table 2 presents the solubility of PI films derived from the ODPA isomers with 4,4'-ODA. PI(s-ODPA/4,4'-ODA) films were prepared by thermal imidization of corresponding poly(amide acid) film and annealing. The solubility test was carried by heating PI films in solvents at 150℃ for almost 10 min with subsequent cooling to room temperature. PI(s-ODPA/4,4'-ODA) annealed at 350℃ showed almost no solubility in any aprotic solvent, as presented in Table 2 , although PI(a-ODPA/4,4'-ODA) was highly soluble in any aprotic solvent. In general, a decrease in the chain linearity and regularity (hindrance of dense chain stacking) brings increased solubility. Accordingly, the asymmetric structure of a-ODPA is expected to be effective for improving the solubility. This ODPA isomer effect is based on stereo chemistry, the linearity and coplanarity of the PI chain backbones, which strongly affect intermolecular interaction and ordered structure formation. Figure 2 shows the E' curve of PI(PMDA/4,4'-ODA), PI(s-ODPA/4,4'-ODA), and PI(a-ODPA/4,4'-ODA). PI(a-ODDA/4,4' -ODA) showed a higher Tg (280℃) than that of PI(s-ODPA/4,4' -ODA) (260℃). Moreover, a large drop was clearly apparent in the E' curve of PI(a-ODPA/4,4'-ODA) above Tg with a short rubbery plateau. As in the BPDA based PI systems [4] , these observed behaviors are attributed to the rotational inflexibility and irregular geometry of asymmetric ODPA, which means that this asymmetric polyimide can be heat-sealable in the temperature region > 340℃.
Solubility
Dynamic Tensile Property and Rheological Behavior of ISAS-TPI
Mechanical Properties of ISAS-TPI Film.
Mechanical properties of ISAS-TPI thin film (7.5 μ m) prepared by Fujimori Kogyo Co., Ltd.. are presented in Table 3 in comparison with 7.5 μ m thickness of APICAL-7.5AH
® polyimide film (Kaneka Corp.) with PMDA/4,4'-ODA structure and 50 μ m thickness of PI(s-ODPA/4,4'-ODA) film. In general, the modulus is dependent on the stiffness and second-ordered structure of the polymer chain. However, the obtained tensile moduli are all approximately equal. ISAS-TPI film cast from the imide solution was also found to be tough.
Space Environmental Stability.
Proton and electron irradiation for ISAS-TPI and APICAL-AH were conducted by the Japan Atomic Energy Research Institute (JAERI). UV radiation was measured at the Tsukuba Space Center of JAXA. Physical and mechanical properties of those films were measured in our laboratory [11] . Figure 3 shows UV-vis spectra and color changes of ISAS-TPI and poly(ether imide) (Ultem) ® and APICAL-AH 7.5 μ m films after irradiation of UV for 50 equivalent sun day (ESD) in vacuum (source: xenon lamp, wavelength 200-400 nm; UV flux, 10 solar acceleration). The Ultem film showed a profound color change with a greater red shift in the UV-Vis spectrum. However, ISAS-TPI and APICAL-AH showed less color change, indicating that ISAS-TPI also has sufficiently high stability for UV irradiation in a space environment. Figure 4 presents the space environmental stability (elongation at the break after irradiation of proton, electron and UV beam) of Apical-7.5AH and ISAS-TPI prepared by Fujimori Kogyo Co., Ltd.. ISAS-TPI possesses both high solubility for aprotic solvents and excellent heat-sealing properties with high space environmental stability that is equal to that of APICAL AH polyimide film.
DEVELOPMENT OF SOLAR SAIL "IKAROS" MEMBRANE
As described above, newly developed ISAS-TPI polyimide was found to have prominent properties. ISAS-TPI is also a promising material for flexible lightweight thin film spacecraft if it can be widely manufactured by heat-sealing. ISAS-TPI (7.5 μ m thickness) and APICAL-7.5AH) were selected for use in the IKAROS membrane. The IKAROS solar sail is the world's first solar powered spacecraft employing photon propulsion. Thin film solar cells were also mounted on the sail surface to test the generation of solar power experimentally. Figure 5 shows an illustration of IKAROS membrane. The solar sail membrane comprised two aluminized PI thin films: an 80 nm aluminized APICAL-7.5AH for the outer area (89% total area) and an 80 nm aluminized ISAS-TPI for near the spacecraft (11% total area). The IKAROS sail membrane comprised four petals. The steering devices were applied by thin film liquid crystals and dust counter sensors of Table 3 Mechanical properties of PI(s-ODPA/4,4'-ODA) and ISAS-TPI [12] . The stowed IKAROS membrane with a diagonal dimension of φ20 m will be deployed using a spinning motion. Four weights attached to the four tips of the membrane facilitate deployment. Deployment is conducted in two stages as shown in Figure 6 . During the first stage, the membrane is static. During the second stage, it is dynamic while opening. This method can be realized with simpler and lighter mechanisms than a conventional mast or boom type. The world's first solar sail having 7.5 μ m thin polyimides was launched from the Tanegashima Space Center in Japan on 21 May 2010. Figure 7 shows consecutive photographs of the fully deployed IKAROS membrane captured by its own jumping camera in space [13] [14] .
CONCLUSION
The newly developed ISAS-TPI polyimide was found to have excellent thermal and mechanical properties in addition to excellent space environmental stability for use in flexible lightweight thin film spacecraft. It can be manufactured on a large scale by heatsealing. We have completed the world' s first solar sail mission: IKAROS. The second mission, which will take place in the late 2010s, will provide a medium size solar power sail with 50 m diameter, and will have integrated ion-propulsion engines. The spacecraft destinations will be Jupiter and the Trojan asteroids. However, we must overcome numerous technological challenges such as development of high-efficiency solar cells and control devices with high space environmental stability in addition to the use of very light, more reliable polyimide membranes. The development of high-performance polyimides is a key effort for new space technology.
